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in the theory of the atmospheric boundary layer 1ls developed. 1t
considers the Pasquill stability classes, the Monin~Obukhov mlxing
length, land use and phi-functions. The model constitutes a "cook-
book" procedure for estimating vertical diffusivity from easily
available meteorology and land use information. A method of inter-
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GLOSSARY OF TERMS

Flux of Yp" in vertical direction

Alr density

Vertical distance

Vertical diffusivity for quantity p
Monin-Obukhov Length

Specific heat of aif at conatant pressure
Temperature of air

Friction veloclty

- Stress exerted by tThe ground on the atmosphere

Von Karman constant

Acceleration of gravity

Plux of sensible heat to the atmosphere

Aerodynamic roughness parameter

Diffusivity for momentum

Phi-function for unstable or stable conditions

surface wind speed

Helght of surface winds measured above average canopy height

Dissipation rate (rate at which turbulent kinetic energy 1is
converted to heat)

Convective velocity
Height of inversion which caps the convective layer

Height of canopy or mean height of roughness elements
{land use)
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INTRODUCTION

Recent Federal Highway Administration guldelines require any

federally aided highway proJect to evaluate air quality at

the project and system level. This analysis is to assure that

’ projects and transportation systems are consistent with
regional goals for achieving and maintaining the National
Ambient Air Quality Standards,.

To comply with federal requirements, the assessment of the impact
of transportation systems on the air environment requires the
qQuantitative prediction of pollutant concentrations. These
predictions are made on two scales: microscale and mesgoscale,

or regional area., The microscale reglon can be defined ag the
region extending from the point where the pollutants are
generated by traffic, downwind to the point where ambient

levels are again reached. Figure 1 illustrates this region for
a typical roadway. This region is typically 1000 feet or less

on elther side of the roadway. The mesoscale region is defined
as the area throughout which the traffic network is significantly‘
affected by the construction of a new transportation faecility.
For system planning, this region can be considered to include

an entire community or even an air basin. Figure 2 illustrates
the build up of pollution for a reglon. When making prediections
using air quality models for either the microscale or mesoscale
region, estimates for a pollutant are generally made above some
ambient or baseline concentration.

Estimation of concentrations of ailp pollutants through the use of a
regional air quality model requires the study of a large number

of’ variables., Some of these varlables, depending on the study
region and the model selected, include:

ChbhbPDF - www . fastio.com o S


http://www.fastio.com/

r

—

.temporal and spatial distributions of mobile and
stationary source emissions,

.wind speed and direction, both at the surface and
aloft, as a function of time and space,

.vertical temperature profile as a function of time
and space,

.vertical turbulent diffusivity as a function of height,
ground location, and time,

.dncoming ultraviolet radiation as a function of ground
elevation and time,

.temporal and spatial distribution of the initial
concentrations of reactive hydrocarbons, oxides of
nitrogen, ozone, and carbon monoxide.

One of the major vafiables is the vertical turbulent diffusivity
parameter (or -stablllity parameter) which controls the rate of mass
transfer in the vertical direction. Thils parameter affects such
factors as the rate at which plumes rise and their behavior. It
also affects the rate at which pollutants are transported and
diffused downwind. Figures 3 and i illustraté the extreme
conditions of stability parameter influence on downwind transport
and diffusion of pollutants emitted from a highway on an elevated
section (viaduct). Figure 3 characterizes the dispersion of
poliutants downwind for a looping plume, Here there is a large
degree of thermal turbulence which results in instability (vertical
accelerations) near the ground surface causing the looplng effect.
This would correspond to a daytime condltlon wlth clear skies and

S

ChhPDF - wivw fastio.com


http://www.fastio.com/

ClibhPDF -

www . fastio.com

light winds. Figure U4 characterizes the downwind transport and
diffusion of pollutants for a stable atmospheric condition. This
generally results in a fanning plume for which the time averaged
pollutant concentrations are relatively high within the plume
boundaries as compared to those within a looping plume. A fanning
plume is generally associated with nighttime conditions of clear
skies and light winds. The important polnt here is to reallze
that, given the same emission flux and point of release, the
atmospheric conditions or the stability parameter will dictate

the downwind ftransport and diffusion.

At present the most widely used methods to estimate atmospheric
stability are: (1) Pasquill Stabllity Categoriles(l); (2) Turner's(2)
approach of classifying stabilities from meteorological measurements
of wind speed, cloud cover and ceiling height; (3) measurements of
the vertical temperature structure using radar, balloons, or
alrcraft f£lights.

The Pasquill and Turner approaches are gross at best. Existing
data bases of the vertical temperature profile are extremely
limited or nonexistent for purposes of air quality modeling.

Observations and sensitivity analyses of complex boundary layer
models indicate strongly that vertical diffusion is a first-ocrder
determinant of almost all propertles of the alr near the surface
of the earth. It is mandatory that this process be estimated
according to the best available information from practice and
theory. Fortunately, this is an area in which great progress has
been made 1n recent years. As a resﬁlt, it is no longer acceptable
to use "diffusion coefficients" as free parameters to be adjusted
to cause model output to agree wlth cbservations. The diffusivity
model described below is consistent wlth the latest developments
in atmospheric boundary layer theory and is supported_by


http://www.fastio.com/
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observations and numerical caleculations. Complete details on the
background theory are given by Myrup and Ranzieri(3).

It 1s the purpose of this report to discuss a method to calculate
the vertical turbulent diffusivity, one of the most important
‘atmospheric parameters in alr duality models.

IhPDF - wwww fastio.com
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CONCLUSIONS

A vertical diffusivity model was developed which takes into
consideration (1) land use, (2) evapotranspiration, (3) Turner's
Surface Stabillity Categories, (4) inversion heights, (5) Monin-
Obukhov length, (6) surface winds and (7) local stability. The
model will allow transportation planners and engineers to further
refine the interrelationships between land use, transportation,
and airAquality and provide information for decislon makers.

From the analysis of the model 1t can be concluded that:

1. Land use signifilcantly affects the vertical diffusivity

profile by as much as a factor of ten when considering urban areas
vs rural areas.

2. Typilcal changes in the average canopy height can affect
the vertical diffuéivity profile by as much as a factor of two
for urban areas.

ClihPDF - www .fastio.com
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RECOMMENDATIONS

Based on this reseafch the authors recommend the following:
1. This vertical diffusivity model be integrated with conservation
of mass air quallty models that are used to assess the reglonal
impact of transportation systems on the air environment.

2.. Uniform or consistent exposure criteria for locating wind
stations be used to develop the data base required for the
implementation of this model.

3. The instantanedus measurements of wind speeds, as recorded
at alrports, should not be used to calculate vertical diffusivity
with the model described in this report. Thils can result in wind
data that are not representative of a one hour period and can
significantly effect the diffusivities calculated.

4.  Wind speeds used in the model should be based on a one hour
integrated averaging time.

ClibPD www . fastio.com
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BACKGROUND

The vertical diffusivity for any quantity p is defined by the
following relationship:

Fp="-e Kp"—" (1)

In this formula Fp is the flux of p in the vertical direction, e

1s the air density, z is the vertical direction and the overbar
indicates an averaging process (of the order of 0.5 hour or

greater if the averaging is temporal). This definition is based

on an analogy with molecular diffusivities. Unfortunately,

diffusion in the atmosphere is due to turbulent mixing and the
diffusivity defined by equation (1) (often called "eddy diffusivity")
is not a constant to be looked up in a handbook but is Instead a
complex function of the fiuild motion and 1ts stratification,
Therefore, equation (1) is only a definition and no implication

is meant that Kb is a constant. In fact, 1t should be kept in

mind that "eddy diffusivity" has been considered to be a non-physical
concept and one which modern experimentalists and theorists largely
ignore. However, it is difficult to see how the effects of small-scale
turbulence can be included in complex models of other processes,

such as general circulation or photochemical air pollution models,

in any other way than by the use of the diffusivity concept,

Micrometeorological experience by Businger, et al(4) indicates
that diffusivity is a strong funection of atmospheric stability,
which is specified most basically by the quantity z/L where L
1s the Monin-Obukhov length as described 1n the following
equation:

-pCpTUS
kgH

L (2)

ClihPDF - www fastio.co n
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‘7% is the height above the ground surface, Cp is the specific heat
capacity of air at constant pressure, T is alir temperature in
OK, Uy 1s the "friction velocity" as defined in the following
equation:
5
S 6
(3)

where T 1s the stress exerted by the ground on the atmosphere,
k is the von Karman constant with a value of 0.35, g 18 the
acceleration of gravity, and H is the flux of sensible heat to
the atmosphere. The quantity z/L is negative for unstable
stratification and positive for stable conditions. The physical
interpretation of the Monin-Obukhov length is that this is the
approximate helght above the surface at whilch buoyancy effects
become comparable with shear'effects, whlch dominate below this
height; The physical interpretation of the Monin-Obukhov
length under stable conditions (L = positive) is that L equals
roughly the height ét which vertical turbulence i1s suppressed.
Under very stable conditlons L becomes small and resultant
downwlind air pollutant concentratlons are high,

Under unstable conditions, L is negative and has the physical
interpretation as being the height at whiech convectively produced
turbulent energy compares wlth mechanically produced energy. Above
a height equal to L, bouyancy driven convection predomlnates and
under these condltlons, turbulence is higher, atmospheric diffusion
more efficient and downwind pollutant concentrations less. When the
absolute value of L approaches infinity |L|=cothis is comparable

to neutral atmospheric¢ conditions. In summary, L has the following
Interpretation:

10
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I Value ' Atmospheric Stability Condition

L=<=-100m lLarge negative Unstable

=100 m < L <-10 m Small negative Very unstable
|LI>10"m ® Neutral
L<10m Small positive Very stable
L=>=10 m Large positive Stable

Needless to say the Monin-Obukhov length is not a quantity which
1s routinely measured and available from the local weather

office., However, L may be estimated from conventional weather
data.

The most common surface stability classification scheme used in
ailr pollution meteorology was originally devised by Pasquill(l)'
and later modified by Turner(2). Essentially, Pasquill category
is a function of the radiation balance of the surface of the

earth and the wind speed. Pasquill and Turner surface stabilities
are generally categorized in seven classes as follows:

A = extremely unstable
B = unstable

C = slightly unstable
D = neutral

E = slightly stable

F = stable

G = very stable

Stability Class A 13 generally aSsociated with convective turbulence
caused by strong solar heating during daytime conditions with clear
skies and light winds. At the other extreme, Stability Class G is
associaﬁed with a stable atmosphere where turbulence is suppressed.
These condltions generally occur during the night and early morning
with clear skies and light winds. Detailed directions for caleculating
Pasquill stability categories with computer programs are given in

11
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Beaton, et al(6). It would be of great practical utility to be able
to convert Pasquill categories to values of L. There are problens
in doing this, however. When the Pasquill category is calculated
for a given region,‘it applies at all locations that have the same
land-use. Unfortunately, land-use almost always presents a
checker-board appearance on a regional scale and the microclimate
and local stabilityr(z/L) can vary enormously within the region

"for a given Pasquill category. There are four factors which control
local stability. These are:

1. surface roughnéss,

2. evaporation,

3. anthropogenic generation of heat, and

L, surface physical properties (albedo, heat conductivity
and capacity, emissivity, etec.).

Surface roughness is a prime faétor because it directly affects the
fturbulence level near the ground. Loecal evaporation rates (or
evapotranspiration if plants are responsible for the evaporation),
are a factor because the energy used in transforming water from the
ligquld to the vapor'state is then unavallable to heat the underlying
surface or air, Cdﬁsequently, local areas of high evaporation are
noticeably ccoler and geherate less thermal turbulence. Heat released
from human activities, such as transportation systems, industrial
operations or space heating, affects local stability directly through
low level heat input. This has the effect of preventing low-level
inversions and augmenting thermal turbulence. Surface physical
properties affect loecal stability through their influence on the
radiation balance of the suﬁface of the earth. For instance,

a high albedo ratio (reflectivity to solar radiation) means that

less energy i1s available to heat the surface and air and, hence,

less thermal turbulence wlll result. The order in which these

four factors are listed above is also theilr order of importance

in most land-uses for controlling local stability. The relative

12
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importance of anthropogenic heating is most variable. It is
possible that in local areas of very heavy energy use, this factor
may be comparable in importance to surface roughness. Conversely,
in many land uses, human~generated energy is of no lmportance
whatsoever.

Golder[7] has compiled an emplrical relationship between Pasquill
stability category, calculated in the usual manner, and values of

1/L. Golder takes only surface roughness into account. The data

he uses are from sites where human energy release would not be present
and surface physical properties would be generally the same. Evapor-
atlon, however, remailns problematical in this analysis., Golder's
thesis gives values of 1/L as a function of the Pasquill categories

A through G and the aerodynamiec roughness parameter Z 4 (to be
discussed below). The agreement between the two approaches to
stabllity parameterization is moderately good. The overall separation
between stable and unstable conditions is good and these data clearly
show a tendency for l/L to appreoach zero for large roughness values.
The authors interpretate the scatter in Golder's results as being

due to the importance of evaporation in the basic data. It is
concluded that, except in local areas of intense energy use, local
stability is primarily determined by local roughness and surface
stability, as specified by the Pasquill system of categories.

Sutton(8) has shown that the roughness parameter, z. > 1s a measure
of site roughness characteristics, and may be Inferred from
measurements of wind shear if these data are avallable. Plate(5)
and Myrup, et al(g) have shown that z, can be determined from
knowledge of the size of typical roughness elements or the
land-use of the surrounding terrain. Table 1 below gives values
of Z, from Sellers[10] and Myrup et all[9].

13
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TABLE 1

Roughness Helights for Various Surfaces

Type of Surface | Zo(cm)
Smooth mud flats 0,001
Tarmac 0.002
Dry lake bed 0.003
Smooth desert 0.03
Grass (5-6 cm) 0.75
(4 cm) 0.14
Alfalfa (15.2 cm) 2.72
Grass (60-70?cm) ] 11.4
Wheat (60 cm) 22
Corn (220 cm) 74
Citrus .Orchard 198
Fir forest f; 283

City land-use
Light density residential 108
Heavy density residential 370

Office 175
Central Business District 321
Park ' 127

14
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Table 2 deséribes the land-use categories in detail for city land
use based on data from Myrup(9).

Alternatively Plate(5) has shown that Z, may be calculated from
the simple formula:

Zo = 015 hc
(%)

where hc is the "canopy height", i.e., the mean height of the

surface roughness elements which vary with land use clasgification.
For transportation planners and engineers, equation (4) is the most
practical to use for large study areas rather than values of ZO given
in Table 1 which are derived for the Sacramento, Californla, study
region by Myrup(9).

Figures 5 and 6 show the relationship between the roughness parameter,
ZO, Pasquill stability categories and the guantity :I./L (local stability
at a height of 1 meter). The figures are based on Golder's data(7)
extended to the larger roughness values of the urban environment.

Thus, Figures 5 and 6 may be used to convert Pasquill stability
categories to values of 1/L on the basis of quantitative information
concerning slite roughness characteristics, and qualitative estimates

of the importance of evaporation. These two factors should dominate
local stability under all conditions.

In the winter and summer the effects of anthropogenic heating
(urban heat island effect) may, under some circumstances, become
the dominant effect. Anthropogenic heating in large urban areas
can be caused by:

1. combustion and dissipation of fuel energles from motor
vehieles, industrial complexes and domestic heating.

15
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2. Dblanketing effect at night of pollutant clouds that
absorb and re-emit thermal radiation from the city, resulting
in large nocturnal temperature exéesses.

3. reduced evaporation or plant transpiration in large
urban areas.

L, manmade surfaces (concrete, asphalts, etec) have large
heat capacities and conductivities.

In general, these arguments suggest strongly that the urban heat
island is a result of a complex set of interacting physical
processes.

The urban heat 1sland effects are largest in areas with high popula-
tion and much industry. In cold climates this effect can become

more pronounced. Studles made by Atwater(ll) and Munn(l2) indicate
that local urban stability is substantially altered towards neutral

stability. However, the researchers found that low level inversions
do occur.

Since a reliable quantitative means for taking into account the
effects of the urban heat island does not exist at this time, the
authors decided to adopt a conservative approach. We recommend
the following procedure for all seasons of the year:

1. In rural areas, the Pasquilll stabllity categories should
be calculated from available meteorologlcal data. The stability
categories can then be converted to values of 1/L using Figures
5 and 6, taklng into account land use as deseribed above.

16
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2. In urban areas, a correction factor should be applied to
the calculated Pasquill stabllity category to allow for the urban
heat 1sland effect. It is recommended that the calculated Pasquill
category be moved one category towardé the unstable condition, By
this we mean, a calculated F category becomes E, E becomes D, ete.
The user of this approach should be aware that this is an intefim
procedure and more precise means for taking into account the ufban‘
heat island may become available in the future.

The exact boundaries of an urban heat isiland for a given study
region are difficult to define. Therefore, the geographical
extent of this effect must be selected based on Judgment, type of
land use, population densities, etec. More research is needed to
fully define the area wide extent of the urban heat island.

In Figure 6, the curve for moderate evaporation for F stability
was added to the dlagram. This was based on a study made by Myrup
and Morgan(9) on the numerical simulation of the heat budget for
the City of Sacramento, California, for summertime conditions.

These figures specify only a range of values for 1/L for a given
Pasquill category and roughness height., This is inherent in the data
and we presume due primarily to varlations in evaporation from site
to site. Therefore, for each stabillity category, we have indicated
the more stable values of 1/L to be associated with high evaporation
and the less stable values to low evaporation. Experilence in
micrometeoroclogy (Sutton(8), and Sellers(1l0) and Myrup, et al(9) in
urban meteorology, indicates that irrigated ¢crops, parks and cpen
water are high evaporation areas. The predominant land-use category
in urban areas, light density resldential, is a moderate evaporation
area. On the other hand, the central business district,

industrial, office building and shopping land-use categorles are
characterized by low evaporation. Table 3 is a summary of the
evaporation rates determined by Myrup, et al(9). This table can

be used as a guideline to select evaporation rates as a function

of land use,
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TABLE 2

LAND-USE CATEGORIES

Category,

Light-density residential

Heavy~density residential

Office buildings

Central Business District

Seasonal green

Open green

Park

18
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Degcription

Single-family unit dwelling
(8 famlly units per acre limit)

Dense apartment area, boarding
house type (87 family units
per acre 1limit)

High rise professional office
bullding area

Downtown area, department
stores, office bulldings
and concentrated business
activities

Agricultural areas

Undeveloped areas with natural
annual grass and weed cover

Designated parks, maintained
year-round
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TABLE 3

Evaporation and Land-use for Sacramento,
California, 1971

Land-Use Type ' Percent Green Area Evaporation
Seascnal Green 100 High
Park. ' ’ 93 High
Light-density résidential b5 Moderate
Medium-density residential 56 Moderate
Heavy-density residential 43 Moderate
Schools 35 Moderate
Shopping 4 Low
Office 13 Low
Central Business District 7 Low
Industrlal 1 : Low
Open Green 5 Low

"
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" The definition of diffusivity implied by equation (1) may be
specialized to any of several quantities. Diffusivities for
momentum, heat and water vapor are most commonly measured in
micrometeorological'inVestigations and are consequently best
known., Diffusivity for momentum is generally regarded as the
most important inasmuch as momentum transport is intrinsically
involved with the entire phenomenon of turbulence. To the authors
knowledge no diffusivities for alr pollutants have been directly
measured (i.e., simultaneous measurement of both flux and gradient)
in a carefully controlled experiment. Therefore, we choose here
to select the diffusivity for momentum to use to calculate the
vertical flux of any gaseous air pollutant. It might appear that
the diffusivity for water vapor might be the most appropriate to
use for pollutant transfer inasmuch as both are mass fluxes.
However, 1t is known that water vapor transfer i1s influenced by
buoyancy forces arising out of the fact that water vapor is a
lighter gas than drj air. When evaporation rates are large under
unstable stratification, water vapor diffusivity is markedly
increased over the value for momentum. No pollutant gases reach
concentration levels to compare with water vapor, (1 to 2% by
mass). However we conclude that molecular weight should not be
a factor. Hence, all pollutants should diffuse according to the
momentum diffusion theory.
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THE DIFFUSIVITY MODEL

Near the surface of the earth, where the momentum is transferred
down through the layer to the surface, the diffusivity for momentum
can be shown to be given by the following equation:

Z
2 (%)
where the quantity in the numerator is the diffusivity for neutral
conditions (z/L = Q) and the quantity @ C%J is a function of
stabllity called the phi-function. Various empirleal and theoretical
expressions exist for the "phi-function". From the work of Businger,
et al(4), the phi-function can be defined as: '

Km

stavle:  B(Z) =14 47 (£) (6)
~0.25
unstable: @@ (-E—) s I:I-— 15 (-%—)] (7)

where the coefficients were empirically determined. The following

discussion will indicate the range of applicability of these
functions.

The friction velocity, Uy, may be determined from the stability
modifled log-law given by the following equation:

W

du Uy sz(z) (8)

where U is the mean wind speed measured at height Zoge Integrating
equation (8) from z = Z, (where U = Q) to z = Z,,> We obtain the
following:

[ 5(2)

(=
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where z, = height of surface winds measured above average canepy
height. The expression for z,, can be defined as

Zy = 2y B
where 2, = height above ground surface where wind speeds are measured
hC = average height of canopy.

Figure 7 illustrates the relationships between h,> Z,, and Z .

W’
We have taken U, as constant with height (constant flux layer
assumption).

Depending on the accuracy desired, the integral in equation (9)

may be integrated exactly or approximately. If the stability

parameter, I%?I 1ls not greater than one, an approximate form of

the phi-function can be chosen which is valid for both unstable

and stable conditions. From the work of Morgan et al(;;), this is
F=142 (—[Z:—)o Equation (9) then becomes

Approximate, all stabilities

k U
Uy = ZwW

|]n (%) + 2 (zy- 20 )} (10a)

If greater accuracy 1s warranted, exact integrals are available
for the stable and unstable cades. The equation for U, is then
given by the following:

Exact, 3Stable

k U 2
Uy - ZW_ - (10b)

:l:In (%) + &EZ (Zw—Zoil
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Exact, Unstable

klew
Uy = 5./ Rz (10e)
(1-15 --“-’) -1 1/4 (1-15 —i) -1 1/4
l - +2 tg “‘(1—152—“’-) ~1 L 2 ¢ "'(1—152")
n 2,173 f L n R an T/
ol A

Equations (5), (6), (7), and (10) constitute a complete model for
calculating the diffusivity near the surface of the earth. To

use the model, z/ must be determined from, for instance, Pasquill
categories, and Z must be specified, according to site characteristics,
and a measured wind must be available. The phi-functions that have
been quoted are based on the common micrometeorological practice of
speclfying height, not from the ground, but from a reference height
called the gzero-plane displacement height, This helght usually
closely corresponds to the average helght of the site roughness
elements (trees, building, ete.), and its preclse value is not
critical., When surface roughness is small or when the caleulation
as belng made at a heilght well away from the surface, this micro-
‘meteorological nicety can be ignored. However, in urban areas,

the height Zog Wwill normally be comparable wlth the average roughness
elements and therefore this height should be specified with respect
to the zero-plane displacement height.

The data on which this model is based cover the stabllity range,
-2.5 = z/;, < 1. On the unstable side, we may reasonably extend
the model to z/ = —=5. However, the quantity [Llcan be as small
as 10 m and hence a different approach is needed for ~z/ > 5.
Above this height we will use the following equation to calculate
diffu51vity

K = ce”/3,%3
(11)
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where € is the dissipation rate (the rate at which turbulent

kinetic energy is converted to heat) and ¢ has the value of about

0.5. This relationship goes back to the work of Richardson(l4) who
first noted that atmospheric diffusivities over a very wide range

of scales appeared to follow a "4/3 law". The inclusion of

1/3 is made on the dimensional grounds suggested by the Kolmegorov(l5)
theory of turbulence. This particular functional form for diffusivity
has been used previously by Panofsky(l6) and discussed by Batchelor (17).
The utility of this approach for the practical applications we have

in mind depends on (1) the confidence one may place on the value

of ¢ and (2) the avallability of a method of estimating the
dissipation, €. Wyngaard and Cote(18) have shown that near the
surface of the earth (neutral conditions), dissipation is known

to equal shear production of kinetic energy and can be expressed as:

@
c

2
€ =Uyx 3 (12)

[
.

Substitution of this relationship into equation (11) leads to the
following relation:

c= kY% (035142 - 025 (13)

In the pure free coﬁvection regime, dissipation is constant with
height. Willlis and Deardorff(19) and Lenschow(20) have shown
dissipation is well approximated by:

€Z;

w3

= 0.4 (1h)

where Zg is the helght of the inversion which caps the convective
layer and wy 1s a convective veloclty, analogous to, and related
to, Uy, given by:

ghZiy"3 _1__(_Zi)'/3 . (15)

W = (5557 )
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where Zi/L Will be recognlzed 2s the overall stabllity of the
entire convective layer. If we require both diffusivity formulae,
equations (11) and (5), to be valid at .the same level, as they
must 1f the two approaches are compétible, we obtain:

8,475 KUxZ

K=C¢ . (16)
Z
# (%)
Substituting from equations (14) and (15) we obtaln:
) k4/3
- 1/3
04 Z z a7
(o4 &) 8(})

Lenschow(20) has shown that the relationship expressed by equation
(14) is known to be valid down to -z/; = 10. It is assumed that

it remains approximately true at -z/L_= 5 where we are extending

the unstable phi-function from below. Evaluating equation {17)
~for z/L = =5, and using the previously given formula (equation 6)
for ¢ (z/L), we obtaln ¢ = 0.58, a vallie about twice that previously
obtained for very different conditions near the ground. A more
detalled analysis, using the dissipation measurements of Wyngaard
and Cote(l8) is given in detail by Myrup and Ranzieri(3) which

shows tThat ¢ tends toward a constant value of 0.46 as Z/L approaches
-5. For the purposes of this diffusivity model, the authors

chose to adopt ¢ = 0.5 for -2/ ? 5.

Eguations (1), (13) and (14) may be combined to give:

K = c(=24% )V3 UgZ (18)

which is assumed valid for the convective layer above --z/L = b,

The diffusivities given by equation (18) are qulte large. For example,
for L = -100 m, zZ, = 1m (an urban value), U = 2 meters/sec, and

z = 100 m, we obtain: K = 1,114 m2/min. If L is set at -10 m (very
unstable) K increases to 10,130 m2/min at 100 m. However, these

larger values are quite consistent with the scarce estimates which

e
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are available for diffusivity under unstable conditions well away
from the surface. Lettau(2l) obtained a value of 600 mg/min at
200 m for conditions of strong instabllity. Woskresenski and
Matwejew(gg) made 225 estimates of momentum diffusivity from
alrcraft observations in the lowest 100 meters over the Arctic

Sea. Thelr values generally ranged from 1,200 mg/min to 4,800
2
m~/min.

In general, the observational evidence at 100 m and above is
inadequate to verify more than the order of magnitude of diffusivity
estimates. In particular, more information is needed as to the
shape of the diffusivity profile in the upper portions of convective
layers. Diffusivity cannot increase indefinitely with height, as
equation (18) states, because at some point the influence of the
bounding Inversion layer must act to 1imit the valﬁe of the
diffusivity. |

Under these circumstances, perhaps the best evidence availlable comes
from sophisticated numerical boundary layer models. The most
advanced approach the authors are aware of is that of Meller and
Yémada(g;) who present a hierarchy of models for the planetary
boundary layer based on a consistent scheme for including effects
of turbulence anisotropy at varlous levels of approximation
(closure assumptions). Using the boundary and initial conditions
of Clark's(24) Wangara experiment, Mellor and Yamada integrated
three models and found an adequate model to describe the known
properties of the planetary boundary layer. In the late afterncon,
this model generates momentum diffusivities which increase with
height to about z/zi = 0.3 where a value near 3,000 me/min is
attained. Using the same boundary condltions, equation (18)

yields a diffusivity of 3390 ma/min indicating good correspondence
between the two approaches at this height. For z/zi >0,3, the
diffusivity brofile calculated from Mellor and Yaruada's model
shows a broad maximum in the central portion of the convective
layer surmounted by an abrupt decrease to zero in the lowest
portion of the bounding inversion layers. ¢
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For non-photochemical air quality modeling, the surface concentration
of pollutant will be insensitive to the diffusivity value in

the upper portions of the convective layer. Therefore, for inert
pollutants, we now add to our diffusivity model thé requirement

that diffusivity be constant for z/zi >0.3 and go to zero at

z/zl > 1.

In the case of photochemical pollution, however, the mixing processes
In the upper half of the convective layer are important. This
complication arises from the fact that some of the important

 reactlons are relatively slow. A consequence is that polluted air

arriving at a location many miles downwind from the urban source

of the primary pollutants has had time both for completion of the
photochemical reactions and for complete mixing throﬁghout the
convective layer. Hence, high surface values of Ozone, for
instance, commonly observed downwind of a -high emissions area

are partly a consequence of mixing which has occurred in the upper
portlions of the convective layer. Use of the constant diffusivity
approximation specified above would tend to overestimate this mixing.
Therefore, for photochemical pollutants we specify that for z/zi >0.1
diffusivity calculated by the methods described above should be
multiplied by the function (1.1 - z/2z1). This simple functiocn has
the properties of rolling off smoothly from a value of unit's at

z = 0.1 Zi’ allowlng a maximum in the diffusivity profile in the
central portion of the mixed layer and retaining a relatively small
value at the base of the inversion. It thus allows some mixing
with inversion air and goes to zero at z = 1.1 Zi' Above this
point, the diffusivity should be held at zero. The "roll off"
functlon should be used for photochemical pollutants for neutral
and unstable conditlons, in conjunction with either equation (5)

or (18) (whichever 1s appropriate) between the heights 7 = 1.1 Zi
and Z = 0.1 Zi.
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The above formulatibns are recommended for unstable stratification
(z/L <0). For thekstable case diffusivity should be calculated
from equations (5) and (6) throughout the depth of the mixed layer.
Inasmuch as there is no way to obtain the mixing depth from surface
measurements alone, this quantity must be estimated from upper

air measurements. This is the same procedure as for the unstable
case discussed above.

In the stable case, however, it is not necessary to specify a
special upper level diffusivity model and hence the diffusivity
should be set to zerc at the top of the mixed layer..
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LIMITATION OF DIFFUSIVITY MODEL

There are three principle limitations to thils model of which the
authors are aware. The first, and probably most severe, is the
feteh/height requirement. The functional forms used to sﬁecify

the diffusivity near the surface, equations (6) and (7), are

based on measurements made in a boundary layer in which an equilibrium
state has been attained between flux and gradient. The maximum
height at which this state has been achieved is a function of the
feteh over which homogeneous surface conditlons are found upwind.

It 1s common in micrometeorology to quote a figure of 100 as the
maximum value of the fetch/height ratio at which the micrometeorological
flux/gradlent relationships may be used. To use this diffusivity
model in reglonal alr quality models, in the absence of any viable
alternate approach, the authors feel that this figure may be lowered
down to 50(27 and g§). The surface diffusivity formulation is thus
assumed to be strilctly valid only up to heights one-fiftieth

the upwind distance over which homogeneous land-use is found.

In order to extend the approach to greater heights the surface
conditions such as the roughness parameter musf be adjusted to

reflect average conditions over an upwind fetch equal to fifty times
the height in question.

A second limitation of this approach is found in the stable
condition. It is commonly observed that early morning surface
inversions are surmounted by a deep, neutral layer capped by an
elevated stable layer. Often these higher layers are left over
from the atmospheric mixing processes of the day before.

Obviously, vigorous mixing can be occurring in this elevated
neutral layer. As given above, our diffusivity model would "turn
of f" the mixing near the surface and allow nothing to occur above.
In many applications where the emphasis is on surface emission

and thelir immediate dispersal, there would be no problem. However,
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in some cases, suchfas the photochemical air pollution problem,
it may be important to carry on realistic diffusion calculations
above a surface inversion. In that case we recommend that
diffusivity in the elevated neutral layer be calculated as if
the entire layer up to the boundary stable layer aloft was
neutrally stratified (very large IL]|).

Finally, the fundamental assumption in the absence of any Information
to the contrary, is that the diffusing properties act like

momentum in so far as specification of diffusivity is concerned.

It is concleveable that some pollutants such as aerosols and
particulates, may behave differently. However, even in that case,
correction factors for deposition could be simple functions of
stability so that the general approach proposed here should still

be useful. Further research 1s required to fully analyze this
situation.
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SUMMARY OF DIFFUSIVITY MODEL

For all situations it is necessary to know the measured wind at
(ideally) a height of 10 m above the zero displacement plane (or
lower with proper exposure), the aerodynamic roughness length

Z and the Monln-Obukhov length L, z, may be estimated from
land-use or equation and L may be obtained from the Pasquill
stability category.

For both stable and unstable conditions, it is heCessary to know
the depth of the mixed layer and to calculate the friction
velocity, Uy. This nmay be done approximately according to:

U kUgzw
# 7 Zy 2
|n[E~;— + T (ZW"ZO)]

(1) Stable surfac¢e conditions (L > 0)

Equation (10a)

kUyxZ

km = K = 'Z Equation (5)
7 (%)

) (..E_) = |, + 4.7 % Equation (6)

Exact form for Uy:

| kUzw
Zw
In 7= + 4.7 (zw.—zo)

These equations are taken as valid for both inert and reactive
pollutants throughout the depth of the surface layver; above

this depth, calculations of diffusivity should proceed in the
manner dilscussed below.

Uy = Equation (10b)
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"(2) Stable surface conditions (L>0) with an elevated mixed layer,

(a) For the surface layer, use the procedure recommended above.

(b) In the elevated mixed layer, assume near-neutral (slightly
unstable) conditioﬁs with a large negative value of L (the authors
recommend L = —105 meters). Treat the upper portions of the elevated
mixed layer exactly as the upper portion of a convective layer is

treated (see below).

(3) Unstable conditions (L< 0)

Exact form for U,:

U - | . kUgzy
* 7 7 74 ’ 5 /4
(1_15_% =1 1 ZW1/4 (1-—15-—-5-) -1 1 2 /4
"o W) _ “1(1 1522
In zwl/4 +2 tan (115 L) In " 73 -2 tan (115 L)
(1—15 T_—)-H (1—-15 ~L—°)+1
Equation {(10c)
Z < -—5L
(a) . ) _ klUyZ Equation (5)
L
-0.25
Z\ _ Z .
") ) == T Equation (7)
(b) Z> —5L
1
‘= 0.5 (-o.4z)3 U,z Equation (18)
' kL
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(¢) Z»0.3 Zi, inert pollutants.
K should be held constant at whatever value assigned at
Z = 0.3 Zi and set to zero at ¥ >1.0

(d) Photochemical pollutants, 0.1 Z1 < Z < 1.1 Z1.
Diffusivity calculated elther by equation (5) or (18)
should be multiplied by the function (1.1 - Z/Zi).
Above Z = 1.1 Zi, diffusivity should remain at gzero.

(4) Neutral conditions

Use equation (5) with a very large value of L with appropriate
sign and, as above, holding K constant above Z = 0.3 Zi for inert

pollutants.

For reactive pollutants, the diffusivity value calculated by
equation (5) should be multiplied by the roll-off function

Z ) Z
-2 for = > 01 .
( Zi i
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INTERFACE OF DIFFUSIVITY MODEL WITH AIR QUALITY MODELS

Air quality models are generally based on the solution of the
speclies—conservation-of mass equation. This equation for a

given alr pollutant species and chemical reaction can be expressed
as(25):

9Ci  uac;  vac; wal; 3 aC; 9 9C; 3 aC; _ )

where Ci

concentration of pollutant species 1

X,¥,2z = Cartesian coordlnates

u,v,w = wind;sﬁeed‘in_the X,¥, and z directions respectively

K = horizontal and vertical turbulent difrfusivities

rate of production of species i1 through chemical reaction

[

Si = rate of production of specles 1 from source emisslons,

In this equation KZ is synonymous with Km’ the momentum diffusivity.
The numerical solution of equation (18) i1s solved using either an
eulerian or lagrangrian coordinate system. The eulerian coordinate
sysﬁem is fixed to the surface of the earth while the lagrangrian
coordinate systemgis a moving system. The eulerian soclution is
commonly referred to as a grid model whille the lagrangian scolution
is a trajectory model.¥

In the grid model the study region is divided into a three
dimensional array of cells. Each cell can vary from 1 km to 4

km on a side and on the order of 10 to 100 meters high., The

size of each cell, of course, will depend on the size of the

study area, spatial distributlons of emisslion fluxes of pollutants,

¥There are versions of grid and trajJectory models in the publie
domain that solve equation 18. The discussion that follows
applies to the concept and does not necessarily endorse a
specific grid or trajectory model.
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and terrain affects that may alter the surface winds. ' The
solution of equation (18) is achiéved by numerically integrating
the equation In three dimenslonal space and in time over each
grid square. |

In the trajectory model, a column of alr is followed through the
study area as it is moved by the surface winds. The pollutants
are emitted into the column as fluxes at the ground surface., As
the column passes over the study area chemical reactions take
place in the column. The trajectory solution involves the
integration of equation (18) along the trajectory path wilth

the followlng assumption that V= w= K =K = 0. This is

X y
required in order to maintain the group of cells in the column.

Figure 8 shows a typlcal study area for the Los Angeles region
using 3.2 x 3.2 km grid squares.

Both of these models require KZ as an i@put parameter., The
following discussion will illustrate how the diffusivity model
presented in this report can be interfaced wilith the solution of
equation 18,

For the given study area the wind flow field will be constructed

for each grid square for each hour of simulation based on existing
meteorclogical data. In order to use the diffusivity model presented
in this report, the aerodynamic roughness parameter Zo must be
estimated for each grid square. Thils can be done by using aerial
photographs, land use plans or fleld inspectlon. Table 1, or the
expression Zo = 0.15 hc, can be used as previously discussed. Once
this is completed and with Zo and U (surface winds) known, the
procedure for calculating the diffusivity profiles as a function

of time and location can begin.
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This procedure can be followed using either a grid or trajectory
model.,

Grid Models (Regional)

1. For grid models, develop the hourly surface wind flow field
for each grid square in the study area.

2. For each grid square (using the wind speed calculated in Step
1 above), calculate the Turner stability class using the cloud
cover and ceiling height representative for each square.

In those study aréas Where two or more meteorological sources
exist whilch measure cloud cover and ceiling Height,) care and
Judgment must be exercised in determining which measurement
of cloud cover and ceiling height is representative of which
portion of the study region. A typical example is the Los
Angeles Basin where the low stratus exists along the coast but
does not generally penetrate into the San Fernando Valley.
Figure 9 illustrates the region and terraliln in the area.

Under these conditions, the measured cloud cover and celling
height at Burbank‘Airport would be most representative of the
‘San Fernando Valley while Los Angeles International Airport is
most representative for the portion of the basin along the
coast.

3. For each grid; square the aerodynamic foughness height ZO

- must be characterized based on Table 1 or calculated by Z =
0.15 h . The Z should be representative of the land use in
each square. This information can be obtalned from aerial
photographs or from a field survey.

4. The spatial and temporal distribution of surface based and
elevated inversions must be described Ffor the study area. This
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may be different for portions of the study area due to the
terrain effects. Care and Judgment must be exerclsed in chooslng
representative inversilon conditions for the study area,

5. For each three-dimensional surface and the vertical
grid, the diffusivity profiles can be calculated using the
diffusivity model described in this report.

6. it is suggested that the diffusivity profiles be a part of
the alr quality preparation program such as is done in the SAI(25)
model for meteorology, emissions and initial concentrations.

This would allow the user the ability to examine the diffusivity
profiles before simulation runs are made.

Trajectory Models (Regional)

Figure 10 illustrates a trajectory passing over a grid for given
meteorological conditions within the Losg Angeles Area, Under
these conditions it is necessary only to determine Z for those
grid squares over which the trajectory passes.

The same procedures described above would apply for each such
. grid square.

The authors, therefore, conclude that the latest state~of-thewart
diffuslvity profile model can be integrated into air quality
models and should provide a sound and rational approach for
calculatlons of vertical diffusivities.

By using this diffusivity model with air quality models, a more
accurate prediction of air quality can be made. This will allow
transportation planners and engineers to make further refinements
in evaluating the interrelationships of land use, transportation
and air quality.
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EXAMPLES OF DIFFUSIVITY CALCULATIONS

As an illustration of the applications of this diffusivity model,
seven examples for various stabilities, land uses, and wind speeds
are presented. Examples are given for diffusivities that can be
used in elther grid or trajectory regional air quality models.

The first six examples are for inert pollutants and use the
approximate solutions to caleculate Ug. The last example is for
reactive pollutants and uses the exact solution for Ug.
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EXAMPLE 1: OFFICE BUILDING LAND-USE AND UNSTABLE CONDITIONS
(INERT POLLUTANT)

Given: Figure 8§ illustrates the study area and the grid to be used
to be used to preduct alr quality. Let us assume for the sake of
simplicity that the particular grid square of interest is
representative of an office bullding distriect with low evaporation
rate. The average height of the canopy withln the grid square is
11.7 meters ( 38 feet). This is estimated from land use plans and
zoning restrlctions., Iach grid square has surface dimensions of

2 km x 2 km on a side (typlcal for study areas of this size).

The base helight of the afternocon elevated inversion is 500 m.
Assume that for the grid 5quaré'of interest the surface wind flow
field, or trajectories, were computed by algorithms in such
models as SAI Airshed Model(gi) or general Research Corporation
Difkin Model(26). Let us further assume that the constructed
surface wind field and trajectores were based on the wind systen
exposure criteria recommended by Beaton, et al(6) at 10 m above
the canopy or the average roughness elements. Therefore, the
surface wind flow field and trajectories are valld for the area.

For the grid square of interest (grid A) the wind speed was
calculated to be 4 m/sec for a midday conditlon., The cloud cover

and ceiling helght 1nformation were obtained from the closest airport
and were assumed representative of the grid sguare in question.

Based on the calculated wind speed, cloud cover, and celling height,

" Turner's Stability Class C was calculated for the base height.

Find: Vertical turbulent diffusivity for helghts of 25 m up to
the inversion. '

Solution:
1. Calculate Zo using equation (4).

Z0 = 0.15 hc = 0,15 (11.7) = 1.75 m
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2. For this casé(with Stability Class C, Z0 =1.75 m, and low
evaporation (Table 3) obtain 1/L ~ 0.004.

Therefore L = -1/0.004 = =250 m

3. Calculate U, using equation (10a)
kUszw

Z 2
In (74 +2 (2, 20)

Where Zw = 10 meters, Zo = 1.75 m, L = =250 m, k = 0,35.

Uy =

Therefore, Uy, = 0.35 (4) = (.83 m/sec

10 2
ln(I 75) 555 (10~ 175)

m calculate the phi-funection from equatlon (7)
T) =15 )
Z

( ) -0.25 =0.793
) | = 155’0

5. For 2 <-95 where 2=25m

_ kUxZ _ 035 (0.83)(25) _ 2
= 7 (_Z_.) = 0.753 = 9.2m /sec
L

OR
K= 9.2 m2/sec x 60 sec/min = 551 mZ/min
Similar calculations can be made for varilous vertical heights, Z,
as shown in the following table. PFor this example, —-{?
never exceeds 5 so that the upper level model (eguation 18) was
not needed. Above 150 m the diffusivity remains constant as-%:=§¥%=03
i

is reached at that-height.

4o
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25
50
75

100

150
200
300
400
500
600

— — g o —
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K(mg/min)

551
1240
2014
2852
4676
beT6
4676
4676
4676
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EXAMPLE 2: LIGHT EENSITY RESIDENTIAL AREA AND UNSTABLE
' CONDITIONS (INERT POLLUTANT)

Ziven: Same conditions as in Example 1 except that the Turner
Stability Class is B, wind speed at 10 m above canopy is 2 m/sec
and elevated inversion 1000 m. The site 1s located in a light-
denslty resldential area with a moderate evaporatidn rate and
average canopy height of 7.2 m ( 24 feet).

Find: Vertical diffusivity for heights above 25 m up to the
inversion.

Solution:

1. Calculate Z, using equation (1)

Zo =0.15h, =045 (7.2) = 1.08 m

2. For this grld ‘with Stability Class B, Z, = 1.08 m and
moderate evaporation (Table 3), obtain

L~ - 0035

. |
Therefore L ~ 535~ — 29m

3. Calculate U, using equation (10a) with Z, =10 my Z = 1.08m,

k = 0.35 and U = 2 m/sec.
Uy = = 0.35 (2) = 0.43m/sec
0 2
In. (IOS) - 35 (10-1.08) o

b, For 7 = 25 m calculate phi-funetion equation (7)
—=0.25

ﬁ(—f—) E - 15( 2259):| = 0.518

5. For Z < ~5 where Z=25m

k UsxZ , .
; = 035 (043) (25) = 7.26 mE/sec
@ (__) 0.518

OR L

K =?.26m2/sec x 60 = 44) m2/ min

4o
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EXAMPLE 3: CENTRAL BUSINESS DISTRICT AND NEUTRAL CONDITIOQONS
(INERT POLLUTANTS)

Given: Same conditions as in Example 1 except that the Turner
Stability Class is D, wind speed is 5 m/sec at 10 m above the
canopy. ‘The site is located in the central business distriet
with a low evaporation rate and average canopy height of 21.4 m
{ 70 feet). The elevated inversion is at 500 m,

Find: Vertical diffusivity from 25 m up to the inversilon.
Solutiony
1. Calculate Zo using equation (4)
Zo = 0.15 (21L.4) = 3.21 m
2. For the neutral case it is recommended that equation (6)
be used for the phi~function with L equal to 105 m, The diffusivity
above Z/Zi = 0.3 remains constant until the inversion is reached.
3. Calculate U, using equation (10a) wilth ZW = 10 m, Zo = 3.21 m,

k =0.35, L = 105 m, U = 5 m/sec
Uy =

0.35 (5)
In (555;)+ B% (10-3.21)

= |.54 m/sec

y, Caleculate the phi-function using equation (6)

o(8) =107 )

However, since L 1s a large number 105 m, 4 G%) approaches 1,0, There-

fore, Q(%J for all practiecal purposes of Z'zs up tce the inversion is
equal to 1.0.

5. Calculate K using equation (5)

k UyxZ

e
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Where ¢4 (z2/L) = 1fb'for the neutral case
a. Sample calculations for K at Z = 25 m

K
K

10.35 (1.54) 25 = 13.5 m?/sec
13.5 x 60 sec/min = 807 m°/min

il

6. Similar calculation can be made for various vertical heights,
Z, as shown in the following table:

z_(m) Z/%1 K(m®/min)
25 . 0.05 807
50 a 0.10 1613

75 ; 0.15 2417

100 ” 0.20 3219

150 . 0.30 4817

200 ; 0. 40 4817

400 : 0.80 4817

500 1.00 4817

600 ——— —_—
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6. Similar calculatlons can be made for various vertlcal heights,
Z, as shown in the following table. The upper level diffusivities,
calculated with equation (18) are shown in parenthesis for values
below -Z/L = 5 so that agreement with the low level in the region
of overlap may be Judged. The diffusivity remains constant as

Z/Zi = 0.3 is reached.

_ Eq. 5 Eq. 18

Z (m) Z/L 5/71 K(m®/min) _K(m°/min)

25 ~0.86 0.025 byl

50 -1.72 0.05 1039

100 ~-3.45 0.10 2460 (2038)
200 -6.90 0.20 5836 (5134)
300 -10.34 0.30 (8815)
400 -13.79 0.40 "
600 -20.69 0.60 "
800 -27.59 0.80 "
1000 -34.48 1.00 "
1200 emmem meeee mdmme e

a) Sample calculation of K for upper level diffusivity
equation (18).

For Z=300m (Z = -5L), k=035, L= ~29m,

Uy = 0.43 m/sec. ,

3 .
K = 0.5 | 243000 17 4 131300 = 147 m2/ sec
0.35 (- 29)
or
K = 147 m2/sec x 60 = 8816 m?/min,
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EXAMPLE 4: RURAL AREA WITH NEUTRAL CONDITIONS (INERT POLLUTANT)

Given: OSame conditions as Example 3 except that the site is loecated
in a seasonal green agricultural area with a high evaporation rate.

Find: Vertical diffusivities from 25m to inversion.
Solution:
1. From Table 1 assume Zo = 0.0272 m (alfalfa)
2. Calculate U, ﬁsing equation (10a) and L = 105
Uy = I 0'352(5) = 0.0487 m/sec
In (.0_0272) + 55 (10~0.0272)

3. Caleulate the phi-function. As previously discussed in

Example 3, &6 (Z/L) is equal to 1.0 for neutral case.
li.

Calculate K using equation (5) with & (Z/L) = 1.0

K= kUygZ

a. Sample caiculation for 2 = 25 m.

0.35 (0.0487) .25 = 0.426 m%/sec
0.426 mz/sec x 60 = 25 m2/min

K
K

]

‘Similar values of ﬁkfor various heights of Z's are shown in the
following table:
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Z (m) Z/71 K(mg/min)

25 0.05 25.6

50 0.10 51.3

75 0.15 76.6

100 0.20 102.5

150 0.30 153.5

200 0.40 153.5

i 400 - 0.80 153.5
500 1.00 153.5

600 — e

The reader should note the order of magnitude difference in the
vertical diffusivity over a grassy area compared to urban. area
(Example 3).

b7
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EXAMPLE 5: LIGHT-DENSITY RESIDENTIAL AREA WITH WIND STATION
IMPROPERLY EXPOSED (INERT POLLUTANT)

Given: Same conditions as Example 2 (Light Residential Ares) with
moderate evaporation rate) except the height of the wind station
used to construct the wind flow field or trajectories is improperly
exposed, This is typical of many of the existing sources of data
from local air pollutlon control districts. Assume average canopy

height (he) is 7.2 m and the height above ground surface of measured
wind speed is 10 m.

Find: The effects of lmproper exposure on vertical diffusivities
from 25 m to the base of the inversion.

Solution:

1. Zo = 1.08 m previously calculated in Example 2.
2 L = =29 from Example 2.

3. Caleculate U*'using equation (1l0a) with U = 2m/sec, Zo =
1.08 my h = 0.35, L = =29m and Zw = 10 - 7.2 = 2,8 m,

0.35 (2)
28y 2
|n(r6§}-§§ (2.80-1.08)

Ug =

= 0.747 m/sec

b4, Calculate phi-function equation (7) for Z = 25 m,.

@ (%) = 0.518 ( Same as Example 2 }

5. For 7 = —5L where Z=25m

ku,Z 0.35 (0.747) 25

= = = 12,6 m2/ mi
K 2(Z) 0.518 m=/ min
L
or . 2 2
K=12.6 m“/sec x 60 = 757 m“/min

6. Similar calculations can be made for various Z helghts as
shown in the following table.
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Examgle 2 Examgle 5

Z (m) /L z/21 K(m°/min) Kn? /min
25 -0.86 0.025 hys 757
50 -1.72 0.05 1039 1810
100 -3.45 0.10 2460 (2218) (4280 (3860)
200 -6.90 0.20 5836 (5587) (10150)(9700)
300 ~10,.34 0.30 9591 16650
400 ~13.79 0.40 9591 16650
600 -20.69 0.60 9591 16650
- 800 -27.59 0.80 9591 | 16650
1000 -34,48 1.00 9591 16650
1200 - - - - - - - - -

Since Uy 1s the only variable that changes in caleulating K,
the percent change in diffusivity assuming proper eXposure of
Example 2 as baseline is:

. Uxo —
% Change in K =[MJ x 1009,

where Uxo = 0.43m/sec and u*5 = 0.747 m/sec.

Therefore, 9 change 1is

0.430-0.74
-

7 - o
0430 :lx 100 = 749,

of meteorological wind statlons to describe the surface wind fields
and trajectories when applying regional alr quality models, This
also stresses that the diffusivities are not free parameters in

models which may be adjusted to make model predictions agree with
measured data,

b9
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EXAMPLE NO. 6: LIGﬁT—DENSITY RESTDENTIAL URBAN AREA WITH STABLE
SURFACE CONDITIONS WITH ELEVATED INVERSION (INERT POLLUTANT)

Given: Assume that for the light-density residential area of
moderate evaportation rate, the calculated Turner Stability

Category is F. The wind speed is measured 10 m above the canopy

and 1s 1 m/sec. The average height of the canopy is 7.2 m ( 24 feet).
The vertical temperature profile 1s shown below, with the base of

the elevated inversion at 800 m.

A
Elevated Inversion
BOOL o o e —
£
ﬁ Near Neutral Conditions
‘al
o~
1)
X
300 N
Stable ground base inversion
ot —

Temperatures °C

Find: Vertical turbulent diffusivifies for heights of 50 m to
the base of the elevated inversion.

Solution:
1. Caleulate Zo using equation (4).

zo = 0.15 hy = 0.15 (7.2) = 1.08 m.

50
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2. For this site with Stability Class F, the stability class
must be moved one category toward the unstable condition to
allow for the urban heat island effect. In this case F
category becomes E, Stability Class E is now used to obtain
values of 1/L. Therefore, with Stabllity Class E, Zo = 1.08m
and moderate evaporation rate (Table 3) and using Figure 6,
obtain 1/L ~ 0.005.

Therefore U R
] L 0.005 ° 200m

; 3. Calculate Uy using equation (1l0a)

0.16 m/sec.

1]

4, For Z = 50 m calculate the phi-function using équation (6).

& (_E..) = +4.7(—E-) =1+ 4.7 (—2%) = 2.8

5. Calculate the diffusivity for the surface conditlons up to
300 m using equation (5).

_ kUxZ
7(¢)
Where k = 0.35, Uy = 0.16 m/sec, Z = 50 m, and Q(ﬁ%)z 2.18.
Therefore,
k = 2:2810I6) 80 . | 58 12/5ec = 77.06 Mm% min.

2.18

6. Similar calculatlons can be made for various vertical heights,
Z, as shown in the following table for the surface up to 300 m,.
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7 (m) /L  4(z/L) K(m®/min)

50 0.25 2,18 77
100 0.50 3.35 100
150 0.75 4.53 111
200 1.00 5.70 117
250  1.25 = 6.88 122
300 1.50 - 8.05 125

T Calculate the diffusivities from 300 m to 500 m (assuming a
mixed layer, near neutral conditions).

8. In this example, where Z<-5L (L = -10’m and Z = 350 m),
calculate 4 (Z/L) using equation (7).

| ~0.25 70:25
z 7 350
g(—)=0—m—ﬂ = E~45t——ﬂ = 0.99
g, Calculate K using equatlon (5)
kUxZ 035 (0.6) (350 | :
K = - 1(350) | 19.40 m%/ sec. = 1164 mP min.
@ (%) 099

10. Similaf calculations can be made for various vertical
heights, Z, as shown in the following table for 350 m to 800 m
above the,ground surface for Z = =-5L.

z(m)  #(Z/L)  z%/zi K(m?/min)
350 . 0.99 0.10 1164

400 ©0.98 0.20 1371

450 -~ 0.98 0.30 1543

500 ©0.98 0. 40 1543%
600 0.98 0.60 1543

700 0.97 0.80 1543

800 0.97 1.00 1543

*¥Z/Z2i value for the hneutral layer are base on zero datum at 300 m,
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(top of stable air mass). Therefore, Z/Zi for 350 m is equal to
(350-300/500 = 0.10 where 500 is the depth of the neutral layer

(800 m - 300 m = 500 m).

*% The diffusivities above Z/Zi = 0,30 remaln constant up to the
' base of the inversilon for the Inert pollutants as shown in the

above table,
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EXAMPLE NO. 7: LIGHT-DENSITY RESIDENTIAL AREA WITH MODERATE
EVAPORATION RATE AND UNSTABLE CONDITIONS (REACTIVE POLLUTANT)

Given: Same conditions as 1n example 2 except that the diffusivity
is to be used with a photochemical diffusion model., As before
Zo = 1.08 m, L = -29m, U, = 0.43 n.sec. In this case, the
calculation is made precilsely as in Example 2 except that, for
Z > 0.1 Z2i (i.e., 100 meters), the calculated diffusivity is
multiplied by the roll-off function rather than heolding it
constant above 0.3'Zi. Shown below are the results of this
calculation in which the outputs of equation (5) (surface layer
model), equation (18) (outer layer model) and the result of
multiplylng by the roll-off funetion are presented. The proper
value to use in the diffusion calculation, according to the
methodology presented in this report is underlined.

Diffusivity (M°/min)

Z{m) Z2/L  Z/Zi Surface Layer  Outer Layer Roll-Off
25 ~0.86 0.025 HUT*( 416)%%
50 -1.72 0.05 1039 ( 981)
100 ~3.45 0.10 gggg‘(2322) 2038*(1924)3*2038*(1924)**
200 -6.90 0.20 5836 (5510) 5134 (4848) 4621 (4363)
300 -10.34 0.30 8815 (8323) 7052 (6659)
4o0 -13.79 0.40 112937 9056 (8550)
600 -20.69 0.60 22213 11107 (10487)
800 -27.59 0,80 32598 9779 (9234)
1000 -34.48 1.00 43894 4389 (4144)
1100 -~ = - 1,10 49841 ——— e

¥ Diffusivities calculated using equation 1l0a for friction velocity
#%Diffusivities calculated using equation 1l0c¢ for friction velocity.
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In this example, the more exact method of calculating U, gave

a value of 0.406 m/sec. For situations closer to neutral stability,
the approximate value would be more nearly equal to the exact value.
Diffusivities calculated with the exact value for the friction
velocity are shown in parentheses. In this case the corrected
diffusivities are about 5% less. This is probably within the overall
uncertailnty involved in estimating diffusivity by this method and,
hence, use of the corrected value is largely a matter of choice.

55

www . fastio.com


http://www.fastio.com/

REFERENCES

1. ~ Pasquill, F. (1952): Atmospheric Diffusion. D. Van Nostrand
Company, Ltd., London.

2. Turner, B, D. (1964): A Diffusion Model for an Urban Area.
Jour. Appl. Meteor.; 3, 83-91.

3. HMyrup, L. O. and A. J. Ranzieri (1975): A Diffusivity Model
for Use in Ailr Quélity Calculations, Department of Land, Air and
Water Resources, University of California at Davis, 1975.

b, Businger, J. A;, J. C. Wyngaard, Y. Izumi and E. F. Bradley
(1971): Flux-Profile Relationships in the Atmospheric Surface
Layer. Journal Atmos. Sci., 28, 181-189.

5. Plate, E. J. (1971): Aerodynamic Characteristics of
Atmospheric Boundar& Layers. AEC Critical Review Series.
Available as TID-25465 from National Technical Information
Service,

6. Beaton, J. L., J. B. Skog, E. C. Shirley, and A. J. Ranzieri
1972): Meteorology and Its Influence on the Dispersion of
Pollutants from Highway Line Sources. State of California,
Division of Highways, Materials and Research Department (presently
called Office of Transportation Laboratory), Air Quality Manual
CA-HWY-MRG570828(1)=72-11, 159 pp.

7. Golder, D. G. (1970): A Comparison of Stability Parameters
and Values of the Monin-Obukhov Length. M. S. Thesis, Department

of Meteorology, Penn State University, 49 pp.

8. ' Sutton, 0. G. (1953): Micrometeorology. McGraw-Hill Book
Company, 333 pp.

56

ClibPDE “winw faslio.com


http://www.fastio.com/

g. Myrup, L. 0. and D, L. Morgan (1972): Numerical Models of
the Urban Atmosphere. Vol. I. The City-Surface Interface.
Contributions in Atmospheric Science No. 4, University of
California, Davis.

10. Sellers, W. D. (1l965): Physical Climatology. University of
Chicago Press, 272 pp.

1l. Atwater, M. A. (1972): Thermal Effects of Urbanizatlon and
Industrialization 1n the Urban Boundary Layer: A Numerical
Study; Boundary Layer Meteorclogy, 3, Pages 229-245,

12. Munn, R. E. and I. M. Stewart (1967): The Use of
Meteordlogical Towers in Urban Air Pollution Programs. Journal
of Air Pollution Control Association, 17, pages 98-101.

13. HMorgan, D. L., W. O. Pruitt and F. J. Lourence (1971): Analyses
of Energy, Momentum and Mass Transfers Above Vegetative Surfaces.
Department of Water Science and Ingineering, University of
California, Davis,

14, Richardson, L. F. (1926): Atmospheric Diffusion Shown on
A Distance-~Neighbour Graph. Proc. Roy. Sce., A, 110, T709..

15. Kolmogorov, A. (1941): A Local Structure of Turbulence in
Incompressible Viscous Fluid for Large Reynolds Number., Dokl.
Akad. Nauk. SSSR, 30, 301.

16. Panofsky, H. A. (1961): An Alternative Derivation of the
Diabatic Wind Profile. Quart. Jour. Roy. Met. Soc., 87, 109-113.

17. DBatchelor, G. K. (1950): The Application of the Similarity

Theory of Turbulence to Atmospheric Diffusion. Quart. Jour. Roy.
lMet. Soc., 76, 133-146.

57

ClihPDF - www .fastio.com


http://www.fastio.com/

18. Wyngaard, J. C. and O. R. Cote (1971): The Budgets of
Turbulent Kinetic Energy and Temperature Variance in the Atmospherie
Surface Layer, Jour Atmos. Sci. 28, 190-201.

19. Willis, G. E. and J. W. Deardorff (1974): A Laboratory Model
of the Unstable Boundary Layer. Jour. Atmos. Seil., 31, 1297-1307.

20. Lenschow, D, H. (1974): Model of the Heilght Variation of
the Turbulence Kinetic Energy Budget in the Unstable Planetary
Boundary Layer. Jour Atmos. Sci., 465-474.

21. Lattau, H. (1944): Die thermodynamische Beeinflussung Artischer
Luftassen Uber Warmen Meersflachen Als Problem Det Meteorologlschen
Stromungs - U. Turbulenzlchre. Schr. Deut. Luftfahrtforschung, 8,

22, Woskresenski, A, J. and L. T, MatweJew (1960): Liquid Water
Content and Turbulence in Stratiform Clouds Over the Artic.
Meteor. Gildrol. No. 11, 14-19 (in Russian).

23. Mellor, G. L. and T. Yamada (1974): A Hierarchy of Turbulence
Closure Models for Planetary Boundary Layers. Jour Atmos, Sci.
31, 1791-1806.

24. Clarke, R, H., A. J. Dyer, R. R. Brook, D. G. Reid and A. J.
Troup (1971): A Wangara Experiment: Boundary Layer Data,

Tech. Paper No. 19, Div. of Meteor. Phys., CSIRO, Australia.

25. Roth, Phillip: An Introduction to the SAI Airshed Model
and Its Usage, Systems Application Inec,, June 197H4.

26. Martinez, J. R., R. A. Nordsieck and M. A. Hirschberg (1973):
User's Guide to Diffusion/Kinetlcs[DIFKIN] Code. General Research
Corp., Santa Barbara.

58

ClihPDFE © wivw fastio com


http://www.fastio.com/

27. Inoue, 8., Tani, N., Imai, K., and Isobe, S. (1958):
The Aerodynamic Measurement of Photosynethesis Over a Nursery

of Rice Plants. Jour. of Agricultural Meteorology of Japan,
Vol. l)'l" }45_53.

28. Brooks, F. A. (1961): Need For Measuring Horizontal
Gradients in Determining Vertical Eddy Transfers of Heat and
Moisture. Jour. of Meteorology, Vol. 18, 589~596,

59

- www.fastio.com


http://www.fastio.com/

ALITVND HIV NO 1OVdINI AVMHOIH HO4 NOI93d 3IVOSOHIIN | 914

$73A37 NOLLNTI0d
AIN3IGAV

n

n =0334S ONIM
30V4HNS NV3W

ONIMNMOQ GNIMdN

60

ClihPDF -

www fastio.com


http://www.fastio.com/

NOIO3Y V NI dft ¢7In8 NOILNTT0d ¥IV 404 SLOVAWI 31VISOS3N 2 914

SNOILVYLINIONOD
Hiv IN3IBWY

NOILNBIYLNOD I._ I_

1
-
NVBHNVYLNI |._ |._
]

STIo.com

fa

VAN

ChbhPDF - wn


http://www.fastio.com/

AN TN Ay RS SRS S RS TR o RS RS RS A

FIG. 3 DISPEF:\;.SIONI OF POLLUTANTS EMITTED FROM A
VIADUCT SECTION FOR UNSTABLE CONDITIONS
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FIG. 4 DISPERSION OF POLLUTANTS EMITTED FROM A
VIADUCT SECTION FOR STABLE CONDITIONS
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